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a  b  s  t  r  a  c  t

A  computational  model  of  radiation-induced  chromosome  aberrations  in  human  cells  within  the
PARTRAC  Monte  Carlo simulation  framework  is  presented.  The  model  starts  from  radiation-induced
DNA  damage  assessed  by overlapping  radiation  track structures  with  multi-scale  DNA  and  chromatin
models,  ranging  from  DNA  double-helix  in atomic  resolution  to  chromatin  fibre  loops,  heterochromatic
and  euchromatic  regions,  and  chromosome  territories.  The  repair  of  DNA  double-strand  breaks  via
non-homologous  end-joining  is  followed.  Initial  spatial  distribution  and  complexity,  diffusive  motion,
enzymatic  processing,  synapsis  and  ligation  of  individual  DNA ends  from  the  breaks  are  simulated.
To  enable  scoring  of  different  chromosome  aberration  types  resulting  from  improper  joining  of  DNA
fragments,  the  repair  module  has  been  complemented  by  tracking  the  chromosome  origin  of the ligated
fragments  and  the positions  of  centromeres.  The  modelled  motion  of DNA  ends  has  sub-diffusive
characteristics  and  corresponds  to  measured  chromatin  mobility  within  time-scales  of a  few  hours.
The  calculated  formation  of  dicentrics  after  photon  and  �-particle  irradiation  in  human  fibroblasts  is

compared  to  experimental  data  (Cornforth  et al.,  2002,  Radiat  Res  158,  43).  The  predicted  yields  of
dicentrics  overestimate  the measurements  by factors  of five  for  �-rays  and  two  for  �-particle  irradiation.
Nevertheless,  the  observed  relative  dependence  on radiation  dose  is  correctly  reproduced.  Calculated
yields  and  size  distributions  of  other  aberration  types  are  discussed.  The  present  work  represents  a
first  mechanistic  approach  to chromosome  aberrations  and  their  kinetics,  combining  full  track  structure
simulations  with  detailed  models  of chromatin  and  accounting  for the  kinetics  of DNA  repair.
. Introduction

Ionizing radiation is capable of inducing various types of
amage to cellular DNA, of which the most critical ones are
NA double-strand breaks (DSB). To preserve chromosome and
enome integrity, cells are equipped with dedicated repair path-
ays. The dominant pathway of DSB repair in eukaryotic cells is
on-homologous end-joining (NHEJ), active throughout the cell
ycle [1]. Homologous recombination (HR) contributes in the S/G2
hases when a sister chromatid is available as a repair template [1].

ncorrect repair may  lead to the formation of chromosome aberra-
ions [2–4], which have been implicated in radiation-induced cell
illing [5–9] as well as in carcinogenesis [10,11].

Several alternative theories on the origin of chromosome

berrations (CA) have been proposed, reviewed in [7,12–14]: In
he one-hit (or damage–nondamage interaction) theory, a sin-
le radiation-induced DSB is sufficient to initiate a reaction with
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undamaged DNA that may  lead to CA, resembling the mechanism
involved in HR repair of DSB. In the exchange theory, the initial
chromosome lesions are unstable and decay with time but may also
interact with another lesion and produce a CA. In the breakage-and-
reunion theory, CA follow from incorrect joining of a chromosome
free end with another end, resembling the NHEJ pathway of DSB
repair. The breakage-and-reunion theory is nowadays the favoured
theory of CA origin for cells in the G0/G1 phase on which this paper
is focused; the one-hit mechanism likely contributes in the S/G2
phase [12,13].

Mathematical modelling represents a valuable tool com-
plementing experimental research. It helps obtain quantitative
insights and test alternative hypotheses on mechanisms underly-
ing the studied phenomena. Modelling also provides the means to
extrapolate the experimental results to conditions that can hardly
be assessed directly, e.g. measured CA yields to low and very low
doses that are of particular interest for risk assessments.
Motivated by these aims, a number of models for radiation-
induced CA have been proposed. They differ in the level of details
considered on the structures of radiation tracks, DNA and chro-
matin, and correspond to diverse CA origin theories. Instead of
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ollowing the course of break processing and mobility (chromatin
ynamics), only their final outcome in terms of joining correct or

ncorrect chromatin fragments is considered, with diverse assump-
ions on the distance-dependence of the misrejoining probability
etween chromosome break ends. Edwards et al. [6,15] considered
SB distributed randomly over the nucleus, for high-LET radiation

aking into account radial distributions of ionization events. The
isrejoining probability decreased with the DSB distance accord-

ng to an inverse power law; an option to include a time-dependent
actor as in the exchange theory of CA was discussed, too. Sachs
t al. used a semi-analytical approach and presented consider-
tions on chromatin dynamics governing the distance-dependent
isrejoining [17]. Later, Sachs et al. [18] simulated chromosome

erritories as cylinders in which DSB induced by low-LET radiation
ere distributed randomly; the misrejoining probability exponen-

ially decreased with the DSB distance. Cucinotta et al. [19] studied,
n addition to the pairwise interaction, also the one-hit mechanism
n which enzymatic processing of a single break may  lead to simple
xchanges. Ballarini et al. [7,8,20,21] modelled interphase chro-
osomes by a random walk of 200 nm boxes. Chromosome free

nds resulted from complex DSB (‘cluster lesions’), whose yield was
aken from track structure simulations or treated as an adjustable
arameter. For low-LET radiation the lesions were distributed ran-
omly, whereas a track core and penumbra model was used for
igh-LET radiation. The interaction probability was uniform up to
n adjustable maximal distance of chromosome ends. Holley et al.
22] modelled chromosomes as random polymers inside spheri-
al territories. DSB were assessed by track structure simulations
ccounting for both direct and indirect (water radical-mediated)
ffects. A fraction of DSB was allowed to undergo pairwise mis-
ejoining, with a Gaussian distance-dependence. Kreth et al. [23]
onstructed chromosome territories by a sequence of spherical
hromatin domains, distributed DSB for low-LET radiation ran-
omly, and described the DSB interaction probability by an inverse
ower law. A similar spherical domain model of chromatin struc-
ure was employed by Eidelman et al. [24]. In their approach,
A formation required a contact of two DSB-containing domains,
ssessed by their dynamic chromatin model, and subsequent DSB
nteraction, described by an adjustable contact-exchange proba-
ility. Alternatively, each DSB produced a chromosome break, and
reaks interacted throughout the whole nucleus independently of
heir distance. Ponomarev et al. [25] used a random walk poly-

er representation of chromosomes, distributed DSB according
o amorphous radiation track structures, and assumed a Gaussian
istance-dependent misrejoining probability.

Although differing in the particular assumptions on the
istance-dependent misrejoining probability, the existing CA mod-
ls have in common that they employ only a phenomenological
escription of repair outcome. Despite the connection between

mproper DSB repair by NHEJ and aberration induction in G0/G1
ells [26], the CA models lack a detailed link to chromatin dynamics
nd DSB repair.

On  the other hand, NHEJ models have been proposed recently
27–30] that exploit the tremendous amount of experimental
nowledge accumulated in the last two or three decades on the
nderlying processes of the NHEJ pathway: Following DSB induc-
ion, rapid local chromatin decondensation occurs which leads to
ctivation of ATM and further chromatin remodelling with histone
emoval and nucleosome repositioning [1,31,32]. The Ku70/80 het-
rodimer, a rather small protein with a ring structure, is commonly
onsidered to be the first major player in NHEJ. Ku is a highly abun-
ant protein that binds to most ends as they become accessible [1].

hen the nucleosomes surrounding the damage site are released,

he DNA end with attached Ku recruits DNA-PKcs [1]. The synapsis
f two DNA ends proceeds via dimerization of DNA-PKcs and their
uto-phosphorylation. Conformational changes in DNA-PKcs make
Research 756 (2013) 213– 223

the DNA ends accessible to other NHEJ players, in particular Artemis
that is involved in end processing and XRCC4-Ligase IV that per-
forms the final ligation steps [1]. In addition to the above-described
classical NHEJ, some DSB are repaired by alternative pathways not
involving DNA-PK [1]. Finally, higher-order chromatin structures
and the ‘epigenetic code’ are restored, presumably not always per-
fectly, thus potentially leading to ‘epimutations’ [33].

The  NHEJ models [27–30] account for the major steps in bio-
chemical processing of DSB and their kinetics. The attachment and
action of repair enzymes are often expressed using the law of mass
action as a system of kinetic equations (set of ordinary differen-
tial equations). There are two  limiting aspects to these approaches:
First, continuous models with reaction rate equations require that
the numbers of DSB and repair enzymes are relatively large. For
typical radiation doses leading to small DSB numbers, discrete
stochastic models are more appropriate [28]. Second, the spatial
aspects of NHEJ, on which the experimental information is unfor-
tunately by far not as mature as the knowledge on the enzymes
involved, are commonly neglected in the modelling, although they
critically influence both the kinetics and the outcome of DSB join-
ing. For instance, opening of the DSB is needed already for the Ku
ring to attach to the DNA end and presumably even more for larger
enzymes such as DNA-PKcs. Importantly, spatial aspects govern the
ratio of proper vs. improper joining as well as the formation of CA.
According to the breakage-and-reunion theory, only breaks (more
precisely, broken ends) that come close together during the course
of repair may  get ligated and form aberrations.

This drawback of insufficient representation of spatial aspects
in repair models has been removed by the NHEJ simulation module
[34–36] in the PARTRAC biophysical modelling suite [37]. The sim-
ulations start by assessing DNA damage by overlapping space- and
time-dependent radiation track structures with detailed models of
DNA and chromatin structure. Namely, individual energy deposits
to DNA and surrounding water molecules, production of reactive
species, their diffusion and mutual reactions, and attacks to DNA
are simulated. Multiple levels of chromatin structure are consid-
ered, from the DNA double-helix and nucleosomes to chromatin
fibres, domains and territories that represent human cell nuclei in
the interphase. An atomic DNA model enables predicting radiation
quality-dependent complexity of DNA damage. The NHEJ module
[34–36] follows in addition to the temporal development (i.e. the
course of enzymatic processing) also the spatial movement of DNA
ends based on the following hypotheses: First, following the chro-
matin remodelling step, the DSB ‘opens’ and forms a chromatin
break, i.e. the break ends get mobile. Their mobility is limited by
attachment sites where the fibre is anchored to the nuclear scaffold
but not by tethering to the other end. Note that, on the contrary,
other DSB repair and CA models treat DSB as a single entity, i.e.
assume that the two  free ends of any DSB are steadily held in
proximity to each other, and CA result from (unspecified) pairwise
interaction of DSB, not from joining wrong DNA  ends. The sec-
ond underlying hypothesis extends the first one by assuming that
the experimentally observed mobility of chromatin regions can be
applied to these DSB-induced ends as well. Within the repair simu-
lation, the movement of broken ends and their processing by NHEJ
enzymes are modelled simultaneously by stochastic Monte Carlo
methods. These two  processes together decide on which end pairs
become ligated, i.e. these two aspects together govern the repair
outcome, including the formation of CA.

In this paper, we extend the PARTRAC NHEJ module to CA
simulations and thereby provide a link between models of repair
processes and of CA. This extension consists of the following issues:

First, data on the positions of centromeres have been implemented
into the chromatin structure module. Second, the chromatin model
has been extended to distinguish between regions of different chro-
matin densities (condensed heterochromatin and more relaxed,
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Fig. 1. POV-RayTM ray-tracer representation of two basic linear elements of hetero-
chromatic  DNA with a basic linear element of euchromatic DNA in-between. Blue:
W.  Friedland, P. Kundrát / Mut

ranscriptionally active euchromatin). Third, the NHEJ module has
een supplemented by tracking the history of each joining event
hat involves DNA fragments from different chromosomes or intra-
hromosomal incorrect joining (inversions or ring formations).
fter the end of the repair simulation, these history files on chro-
osome exchange events are analyzed with respect to different

ypes of CA, in particular the involvement of centromeres (e.g.
icentrics and centric vs. acentric rings). Importantly, even the
ields of small DNA fragments and rings are simulated, which are
ardly detectable in cytogenetic experiments but likely produced
specially by high-LET radiation.

The PARTRAC approach represents a bottom-up, ‘ab initio’ sim-
lation that combines radiation track structures with DNA and
hromatin models to assess the induced damage, and explicitly
odels its spatially and temporally dependent repair. In this paper,
e focus on model assumptions, methods and possibilities to test

pecific hypotheses on DSB repair and CA formation, including the
ffects of radiation quality, chromatin structure, and mobility of
NA ends. As a first benchmark of the model, results of simulations
f CA induction after �-ray and �-particle irradiation are shown
nd compared with corresponding experimental data gathered by
ornforth et al. [38]. We  do not aim at providing simulations with
arameter adjustments to reproduce the measured CA data since
he calculation includes no ‘free’ parameter. Instead, the deviations
etween calculation and experiments will initiate careful revision
f the basic model assumption in view of the most recent state of
nowledge in this field. This task which goes beyond the scope of
his paper will be accompanied by thorough parameter testing with
espect to the resulting model predictions on radiation quality and
ose-dependent DSB repair dynamics, CA induction and chromatin
obility issues.

. Materials and methods

.1.  Experimental data used

Cornforth  et al. [38] measured chromosome aberrations in AG1522 primary
uman  skin fibroblasts upon irradiation by �-rays or �-particles. Cell cultures were
ept under the conditions of density-inhibited growth, i.e. were essentially quies-
ent, with less than 1% cells in the S-phase of their cycle. The cells were irradiated
y  �-rays from a 137Cs source (dose rate of 31.2 Gy/h) or by �-particles from a 238Pu
ource  (2.3 Gy/min; with 3.5 MeV  mean energy and 116 keV/�m ionization den-
ity of alphas traversing cell nuclei). 1 h post irradiation, the cells were released
rom  density inhibition by re-plating at lower densities. Using a 3–4 h blocking with

itosis inhibitor Colcemid, metaphase collections were made at intervals ranging
or � rays from 30 to 42 h and for alphas from 25 to 60 h after the release from den-
ity inhibition. Metaphase spreads known to be at the first mitosis post irradiation
ere  analyzed using Giemsa staining. The scoring of CA included dicentrics, cen-

ric and acentric rings, and interstitial and terminal deletions. Further details on the
ethods can be found in [38].

.2. Calculation of track structures

To  model the irradiations used in the reported experiments [38], track struc-
ures  of 662 keV photons from 137Cs decay and �-particles with 4.0 MeV initial
nergy,  yielding the average energy of 3.5 MeV  in the middle of the cell nuclei (here-
fter referred to as 3.5 MeV  �-particles), were calculated with PARTRAC. Particle
racks  were calculated in a cuboidal world region with 22 �m × 12 �m × 8 �m side
engths;  energy depositions were scored in a concentric cuboidal target region of
0 �m × 11.2 �m × 6.4 �m surrounding an ellipsoidal volume with these values as
-,  y- and z-axis lengths that represented a human fibroblast nucleus. The model
f chromatin structure within the nucleus is described below. The radiation source
as modelled by a 22 �m × 12 �m rectangular plane located at z = −4 �m normal to

hat  axis. Primary particles were started randomly from the source approximately
erpendicularly  to its surface, strictly speaking with an angle ϕ between the sur-
ace normal and the track direction possessing a uniform distribution of cos ϕ in
he interval [0.95,1] in order to avoid geometrical alignment with chromatin struc-

ures. The first photon interaction was mirrored into the target region. Scattered
hotons  and �-particles that had left the target region were not further considered;
or  secondary electrons, periodic boundary conditions were imposed corresponding
o full equilibrium conditions, i.e. electrons leaving the target region were assumed
o enter on the opposite side with the same movement direction and velocity.
phosphate group atoms; white: sugar group atoms; green, yellow, red, violet: atoms
of adenine, guanine, cytosine and thymine bases, respectively; turquoise: histone
atoms.

Individual interactions of the primary photons, �-particles, and of secondary
electrons  down to 10 eV energy were simulated step-by-step by Monte Carlo meth-
ods, representing the stochastic nature of radiation interactions with matter. The
contributions of individual interaction processes (such as ionizations and exci-
tations) are given by the corresponding cross sections. For photons, tracks were
simulated in a hypothetical homogeneous medium that accounts for the abundances
of  diverse chemical elements in cell nuclei; the cross sections for the elements were
taken from the EPDL data base [39] and weighted accordingly. For electrons and �-
particles, inelastic interaction cross sections in liquid water according to the work
by Dingfelder [40,41] were used.

DNA damage due to direct effects was determined by superimposing the distri-
butions  of energy deposition events with a multi-scale DNA target model, which is
described in detail below. Events outside the union of atoms of DNA constituents and
histones were assumed to produce, within the pre-chemical stage, reactive species
in the water surrounding the target volume. During the subsequent chemical stage,
the diffusion of these reactive species and their interaction with each other were
traced step-by-step with parameters described in Kreipl et al. [42]. Moreover, inter-
actions of •OH radicals with sugar moieties and bases of the DNA were determined
and  scored as DNA damage due to indirect effects [43]. In addition to •OH con-
sumption  due to interactions with other reactive species and DNA constituents,
the  action of further •OH-scavenging molecules in the cell nucleus was taken into
account by a decay rate of 4 × 108 s−1 (i.e. •OH lifetime of 2.5 ns). Further details on
the simulations and discussion of the assumptions and parameters are reviewed in
[37].

2.3. Multi-scale DNA model

In  this work, an extension of the recent DNA model in PARTRAC [37] has been
used  that distinguishes between hetero- and euchromatic regions of the cell nucleus.
The model will be described in full detail elsewhere. Briefly, it is based on two sets
of five types of stackable chromatin fibre elements, one linear and four 90◦-bent
ones.  Each of these boxes contains an atomic representation of the DNA and histones
inside, which enables scoring the complexity of damage induced by diverse radiation
types. The boxes used in this work possess a 40 nm edge length; the size of the boxes
has been reduced from 50 nm used previously [37] in order to allow building the
human genome within the same nuclear volume but using to a greater part the less
condensed chromatin structures. The first set of boxes describes condensed chro-
matin of heterochromatic DNA with 24 nucleosomes (5065 bp) in the linear element
and 16 nucleosomes (about 3310 bp) in the bent elements. The second set represents
euchromatic  DNA, with 10 and 6 nucleosomes (2065 and 1220 bp) in the linear and
bent elements, respectively. Fig. 1 shows a basic linear euchromatic DNA element
placed  between two heterochromatic ones. Seamless connection between all ele-
ments of both sets is realized by placing a single nucleosome at the same position
on  the border between adjacent elements and by avoiding any further intersection
of  DNA or nucleosomes with this interface.

The chromatin in a human fibroblast nucleus with an ellipsoidal shape is mod-
elled  as a randomized walk on the 40 nm grid, representing a loop structure of the
chromatin fibre around centres of spherical chromatin domains (SCD) of 1 Mbp  size,
cf. [37]. Chromosome territories of the 46 chromosomes in human fibroblast nuclei
are generated by a connected sequence of SCDs; the SCD centres are taken from
a corresponding realization of a human fibroblast nucleus by the SCD model [44].
The model respects the differences in sizes and preferred positions among the chro-
mosomes. Within each SCD, chromatin fibre elements at minimum distance to SCD
centres are considered to represent nuclear attachment sites for the adjacent loops.
Within the repair model described below, these attachment sites serve as anchor-
age  points for the movement of DNA ends produced by DSB; the locations of these
attachment sites are fixed throughout the whole repair process. Totally, the fibro-
blast nucleus comprises 6 × 109 base pairs within about 2 × 106 basic elements. In
Fig. 2, a ray-tracer representation of the fibroblast nucleus model is shown, with

chromosomes highlighted in different colours.

The distribution of hetero- and euchromatic regions within the nucleus has been
taken from an isochore map  of human chromosomes [45]. The isochore map  divides
the genome into nearly 3200 segments of 5 isochore families, denoted by L1, L2, H1,
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Fig. 2. POV-RayTM ray-tracer representation of the fibroblast nucleus model (Panel
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dynamics  and telomere mobility.
) and a zoomed view of a section (Panel B). Different chromosomes are shown in
ifferent colours. Basic elements (cubes of 40 nm side length) are represented by
ubes with 32 nm diameter corresponding to the chromatin fibre.

2 and H3, with increasing cytosine-guanine (CG) levels of <37%, 37–41%, 41–46%,
6–53%  and >53%, respectively. Isochore families correlate not only with gene den-
ity but also with chromatin structure in interphase nuclei [45]. The ‘genome core’ of
amilies H2 and H3 comprises more than half of the genes within 15% of the genome,
hereas  the ‘genome desert’ (families L1, L2 and H1) consists of large expanses with

ow or extremely low gene densities [45].
In the chromatin model of this work, the correlation between CG-rich regions of

he genome and euchromatin has been taken into account by adopting a CG fraction
f 55% in the basic euchromatic elements and of 34% in basic heterochromatic ele-
ents. Individual segments belonging to the isochore families L1, L2, H1, H2 and H3
ere mapped to chromatin fibres consisting of 100%, 80%, 60%, 30% and 0% hetero-

hromatic and a complementary fraction of euchromatic elements (40 nm boxes),
espectively. In the heterogeneous families L2, H1 and H2, hetero- vs. euchromatic
oxes  have been ordered at random; the L1 and H3 families contain boxes of one
ype only (heterochromatic or euchromatic, respectively). Gaps in the isochore data
et at centromeric regions have been filled by heterochromatin (L1) and in the chro-
osome arms with euchromatin (H3). Positions of centromeres have been taken

rom chromosome arm data [46].
.4. Calculation of the initial DNA damage

The assumptions on the process of DNA damage induction by radiation that are
sed in PARTRAC have been reviewed recently [37]. In this work, the parameters
Research 756 (2013) 213– 223

from [35] have been used for the calculation of the initial DNA damage (and repair,
see below). Briefly, DNA strand breaks from direct effects are assumed to occur with
a probability that increases linearly from 0 at 5 eV to 1 at 60 eV energy deposit in a
single sugar-phosphate group. Strand breaks from indirect effects are assumed to
arise from 65% of interactions between •OH radicals and the deoxyribose moiety of
DNA. Whenever at least two  strand breaks (resulting either from direct or indirect
effects) are found within 10 bp on the opposite DNA strands, a DSB is scored. Further-
more,  a conversion of 1% of single-strand breaks into DSB is assumed. Base lesions
result from direct energy depositions to or interaction of •OH radicals with atoms of
DNA bases, and contribute to the complexity of DSB. Only a fraction of these lesions
is assumed to slow-down the DNA repair process. This repair-retarding fraction is
determined from base damage due to direct effects with the probability increasing
linearly  from 0 at 0 eV to 1 at 60 eV deposited energy, and due to indirect effects in
25% of the •OH interactions with bases [35].

2.5. Calculation of DNA repair

The  previously published module describing DSB repair via NHEJ [34–36] has
been  used in this work. The parameter selection according to [35] has been guided
by the adequate reproduction of photon and ion induced initial DNA damage and
its rejoining; later model refinements [36] have not been included here due to com-
putational expensiveness issues. Briefly, the stochastic model of DSB repair by NHEJ
pathway in PARTRAC tracks separately the processing of the two DNA ends from
each DSB. The following characteristics of DNA ends obtained by the initial DNA
damage  calculation are taken into account: First, geometric and genomic position
within  the nucleus and the chromosome is considered, here including information
on  whether the end is located in hetero- or euchromatic region. Second, the length
of the chromatin fibre from the DNA end to the next nuclear attachment site or
to the next DSB (whatever comes first) is scored. Third, DNA damage complexity
is  assessed; to this end, nearby strand breaks or repair-retarding base lesions are
counted until an undamaged sequence of 20 bp is found [37].

Contrary to other NHEJ models [27–30], the basic entity followed by the PAR-
TRAC  NHEJ model is not the DSB itself but the individual DNA ends produced by the
DSB. This concept enables one to account not only for temporal development of DNA
ends (attachment of repair enzymes and processing of the ends), but also for the spa-
tial aspects, which are crucial for misrejoining and CA formation. Before the actual
repair simulation starts, individual DNA ends are classified into clean DNA ends
without nearby damage and dirty DNA ends carrying nearby single-strand break(s)
and/or repair-retarding base lesion(s). Dirty ends are assumed to need additional
processing  during the NHEJ repair process.

2.5.1. Time course of NHEJ
The  time course of the NHEJ repair scheme used in this work is presented in

Fig. 3. The individual processes are described by first-order kinetics and modelled
stochastically,  i.e. the actual period required for a given processing step of a given
DNA end is allowed to fluctuate around the time constant (inversed rate) of the
process. The adopted time constants (in seconds) are listed in Fig. 3. For processes
during  the pre-synaptic phase, the time constants were derived [34] from experi-
ments on enzyme kinetics [47,48]. Further parameters were adapted so that model
calculations reasonably agree with experimentally determined repair kinetics [49].
Rates (time constants) of the individual processing steps have been assumed con-
stant, independent of the DSB numbers and also the states of the other DNA ends.
This  is justified as the doses and hence DSB numbers analyzed in this paper are
rather low, while repair enzymes such as Ku and DNA-PKcs are highly abundant
in  the nucleus [30,50] and/or can be reused in the processing of another DSB, e.g.
LigIV-XRCC4 being re-adenylated by XLF-Cernunnos for the next ligation event [51].

Simultaneously with the progression of the repair steps, diffusive motion of
individual  DNA ends is considered. There are theoretical reasons [52] as well as
experimental data [53–55] indicating that the mobility of DNA ends in the dense,
dynamic  network of chromatin fibres is sub-diffusive, i.e. that the corresponding
diffusion  coefficient decreases with time. For the sake of simplicity, however, we
have kept our previous concept [34] of semi-free diffusion (confined by nuclear
attachment  sites) with two diffusion coefficients, describing a higher mobility of
free ends before synapsis and a lower mobility of paired ends in the synaptic com-
plex. Namely, the mobility of DNA ends is simulated with a diffusion coefficient of
170 nm2/s during the first phase of NHEJ, and by a parallel movement of DNA ends
that had formed the synaptic complex with a tenfold reduced diffusion coefficient
[56]. Furthermore, this step-by-step random walk process is limited (confined) by
the nuclear volume and the chromatin fibre lengths from the fixed nuclear attach-
ment sites or by the fibre length for short fragments generated by two DSB on the
same loop. To account for the spatial effects of chromatin remodelling triggered by
the DSB induction [1,32], the (geometric) fibre length from the attachment site to
the free DNA end is allowed to gradually increase with time, with a length incre-
ment  of 5 nm per 1000 s. As shown in the Results, this mobility concept effectively
provides  an apparent diffusion of DSB (ends) that agrees with data on chromatin
The temporal development, i.e. DSB processing, starts in the present NHEJ model
with a chromatin remodelling and DNA end mobilization step that opens the gap
between the two  DNA ends from the DSB and makes them accessible to repair pro-
teins (step 1 in Fig. 3) [1,32]. The first NHEJ enzyme that is attached to the DNA end is
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Fig. 3. Scheme of the temporal development in the DNA repair and chromosome
aberration  model for joining of a clean DNA end (without nearby lesions; blue)
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nd  a dirty DNA end (carrying nearby lesions; violet). Transfers between states are
odelled in first order kinetics; numbers in italic denote their time constants in

econds.

u70/80 (step 4) [1,57]. For dirty DNA ends, potential recruitment of other proteins
s considered that inhibit Ku70/80 attachment (step 2) until they are removed again
step 3). In step 6, DNA-PK complex is formed after binding of the catalytic subunit
NA-PKcs  to Ku70/Ku80 at the DNA end [1,57]; corresponding enzyme dissociation

steps  5 and 7) is represented, too. A synaptic complex is formed (step 8) between
wo  DNA ends (clean or dirty) with attached DNA-PK complexes [1,57]. In the sim-
lation, synapsis occurs when two DNA ends with DNA-PK are separated by less
han 25 nm [36]. The spatial vicinity of the DNA ends in synapsis is conserved dur-
ng further processing steps. The two DNA-PK complexes cross-phosphorylate each
ther and further NHEJ repair enzymes are attached and activated (step 9) [1,57]. For
irty ends, nearby single-strand breaks and base damages are removed in a ‘lesion-
y-lesion’ way  (step 10) until the DNA end is clean and rejoinable. Finally, the two
NA ends are ligated (step 11). By this, one DSB is removed, i.e. it is no longer
etected  within the experimental DSB repair kinetics protocol, e.g. using pulsed-
eld gel electrophoresis [49]; note however that repair foci may persist for some
ime post end-joining. Temporal blocking of final ligation within the post-synaptic
hase  (step 12) with a release step (step 13) is considered, too. The joined DNA ends
re classified into (a) correctly rejoined DNA ends, (b) formation of rings, i.e. ligation
f the two ends of a DNA fragment, (c) interchromosomal misrejoining, i.e. ligation
f DNA ends from different chromosomes, and (d) other forms of misrejoined DNA
nds within a single chromosome (intrachromosomal misrejoining). DNA fragments
horter than 25 bp are assumed to be intrinsically unrejoinable [34], as DNA-PK does
ot exhibit its kinase activity when attached to such short fragments [58]; similarly,

ragment  length of at least 15 bp was required for Ku attachment in another NHEJ
odelling  work [28].

.5.2.  Spatial aspects of NHEJ

A  simplified scheme of the DNA repair and CA model in PARTRAC highlighting its

patial aspects is provided in Fig. 4. The DNA and chromatin structure model uses
0 nm cubes as basic building blocks, visualized in this 2D projection by dashed
quares: square #1 with a straight chromatin segment, #2 with a bent one, and
quare  #3 including a projection of two straight elements that appear as if they
Fig. 4. Schematic illustration of spatial aspects of the DNA repair and chromosome
aberration  model in PARTRAC (see text).

crossed each other. From these building blocks, chromatin loops are constructed
(blue  and green lines, being parts of different chromosomes). In the depicted region,
radiation insult has induced two DSB, denoted by two short vertical lines. After a
chromatin remodelling and DSB opening step, PARTRAC follows separately the indi-
vidual DNA ends formed by a DSB. Chromatin dynamics is a crucial component that
underlies aberration formation. In PARTRAC, the chromatin dynamics itself is not
modelled explicitly, but only its impact on the movement of DNA ends is consid-
ered, i.e. no dynamic model of the chromatin structure is employed, but only the
DNA ends are tracked. The mobility of the DNA ends is modelled stochastically as a
semi-free diffusion. Yet the segments (curly grey lines) are kept attached at nuclear
attachment sites (red points). The diffusive motion of the DNA ends is limited by
the segment lengths (from the attachment site to the DNA end), which, as dis-
cussed  above, increase with time due to chromatin remodelling. Simultaneously,
the  DNA ends are processed by the repair enzymes involved in NHEJ (depicted by
rings attached to the ends). Also this processing is simulated stochastically, so that
some DNA ends proceed through the NHEJ faster than others. As a result, not all
breaks are correctly rejoined, for a number of reasons. First, the two ends formed
by  a DSB may  diffuse relatively far apart before their joining might have occurred
(DNA ends labelled by C and D). Second, the two ends might have stayed close to
each other (DNA ends labelled A and B) but might have proceeded to different stages
of the NHEJ, so that they cannot join readily: the A end has both Ku70/80 (violet ring)
and DNA-PKcs (orange ring) attached, but the B end is missing DNA-PKcs, so that
they cannot form a synaptic complex and ligation cannot take place. If by chance
another end with both Ku70/80 and DNA-PKcs comes close enough to the A end,
as is shown with the C end, these two may get joined, although the DNA molecules
actually  belong to different chromosomes. Obviously, the chance for such two ends
to come close to each other is higher for ends originally in proximity than for those
originally far away from each other. Note also that the type of chromosome aberra-
tion produced by this misrejoining depends on the fate of other DNA  ends formed by
the given radiation dose, including the original partners of the A and C ends, i.e. ends
B and D, which at the time point captured by this illustration continue searching for
a potential ligation partner via diffusive motion.

2.6. Dose dependent repair calculation

In  the analyzed irradiation regimes, individual particle tracks induce DNA dam-
age including DSB independently of other tracks; synergistic effects of multiple
tracks at the level of damage induction occur only at extremely high doses or
dose rates [43]. To save computational time, the expensive DNA damage simula-
tion  has been thus performed only once in this work. The damage simulation has
been divided into 2000 runs with at least 0.895 MeV energy deposition (0.1 Gy radi-
ation dose) for �-ray irradiation and 1000 runs with exactly 6 �-particles. The total
energy deposits amounted to 2201 MeV  for �-rays and 4295 MeV  for �-particles,
giving  average doses Dav of 0.123 Gy and 0.480 Gy per run, respectively. The dose
ranges of 0–6.1 Gy for �-rays and 0–2.2 Gy for �-particles used in the CA experi-
ments  [38] has been covered by grouping the corresponding numbers of damage
simulation runs: The DNA damage simulated in groups of, e.g. four subsequent runs
was allocated into 2000/4 = 500 cells exposed to doses of ∼0.5 Gy for �-rays and
1000/4  = 250 cells with ∼2 Gy for �-particles. Thus, the simulation of DNA repair
kinetics  started for all doses with the same data set of DSB, however, synapsis and
final joining has been restricted to pairs of DNA ends within the same cell.

2.7. Analysis of chromosome aberrations

DNA  end joining events up to 4 days post irradiation have been considered in the

CA analysis. The actual choice of the time point is not very critical as just a few joining
events occur in the late NHEJ phases 1 day post irradiation or later (not shown). The
previously used scoring of joining processes of DNA fragments [34] has been comple-
mented with data on chromosome number, fragment size and with information on
whether centromeres are included. Immediately following each correct or incorrect
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oining event, the composition of the respective fragments stored within the sim-
lation has been updated. This includes fragments containing DNA from different
hromosomes.  In the final classification step, fragments have been checked for the
resence of centromeres. To enable a refined comparison of simulated results with
ytogenetic data, the code also includes an option to specify the smallest fragment
izes  and other detection limits of the experiments.

. Results

The simulation of initial DNA damage resulted in 13,374 DNA
nds for 137Cs �-irradiation, corresponding to a DSB yield of 4.5
SB per Gy and Gbp (about 27 DSB per cell per Gy). For 3.5 MeV
-particles, 62,550 DNA ends were obtained, corresponding to a
SB yield of 10.9 DSB per Gy and Gbp (65 DSB per cell per Gy). Note

hat these seemingly high yields for high-LET radiation are caused
y having included short DNA fragments that are hardly detectable
xperimentally in fragmentation studies; the experimental under-
stimation of DSB yields by high-LET radiation has been discussed
reviously [59].

.1.  Outcome of NHEJ repair: rejoining vs. misrejoining of DNA
nds

Radiation  induces DSB somewhat more frequently in euchro-
atic than in heterochromatic regions, as heterochromatic DNA is

rotected against indirect radiation effects by histones that effec-
ively scavenge radicals (results will be shown elsewhere). Globally
peaking, however, �-ray induced DSB are randomly distributed
ver the nucleus, with relatively large distances between DSB pairs.
s a result, although the DNA ends are mobile, the chance of find-

ng a ‘wrong’ partner is rather low, and the majority of breaks
re correctly rejoined (resituated). The correctly rejoined fraction
lightly decreases with radiation dose, and for the studied 0–8 Gy
ose range corresponds to 85–95% (Fig. 5A). Intra- and interchro-
osomal misrejoining and ring formation slightly increase with

ncreasing dose, but stay below 2–7% of events.
The 3.5 MeV  �-particles, on the other hand, possess high ion-

zing density (LET about 115 keV/�m), and induce streaks of DSB
long their tracks. Individual tracks are randomly distributed over
he nucleus; the mean number of tracks per cell is proportional to
he applied dose. Although single tracks are well separated, the DSB
ormed within a single track are relatively close to each other, which
nhances the chance that incorrect DNA ends diffuse into close
roximity and get misrejoined. In the simulations, only about 30%
f DNA ends are correctly rejoined, whereas slightly above 30% ends
ndergo intrachromosomal and about 15% of ends even interchro-
osomal misrejoining, and about 20% participate in rings (Fig. 5B).
lso the fraction of very short fragments that are assumed intrin-
ically unrejoinable is larger than for the �-rays (about 5% vs. less
han 1%, respectively). Note that contrary to the case of � rays, the
ate of DNA ends induced by �-particles is practically independent
f radiation dose, indicating that single-particle effects dominate
ver intertrack ones.

We  have previously shown that the PARTRAC NHEJ simulations
gree with experimental data on DSB repair kinetics for low- and
igh-LET radiation [34–36]. The well-known biphasic repair kinet-

cs, when the majority of DSB are joined within less than 1 h but
 small DSB fraction requires repair times of several hours [49], is
n the model attributed to the fact that dirty DNA ends from com-
lex DSB require additional enzymatic processing steps [34–36].

n agreement with DSB repair kinetics data [49], even after 1 day
epair there is a fraction of not yet rejoined (but rejoinable) DNA

nds. For 137Cs � and 3.5 MeV  �-irradiation studied in this work,
his fraction amounts to about 5% and 8% of DNA ends, respec-
ively (not shown), and reduces to about 2–3% of DNA ends when
he repair is followed for 4 days; this unrejoined fraction is almost
Fig. 5. States of DNA ends after 96 h repair. Dose-dependent fractions of DNA end
states due to (A) 137Cs �-ray and (B) 3.5 MeV  �-particle irradiation. Lines are drawn
to  guide the eyes only.

dose-independent (Fig. 5). These ratios are comparable with the
yields of terminal deletions reported in cytogenetic experiments,
which amount to 1–3% for �-ray and 10% for �-particle irradiation,
respectively [38].

3.2.  Chromatin mobility and distance-dependent misrejoining

Fig.  6 shows, for �-particles at 2.4 Gy dose, the distribu-
tion  of the original geometric distances of DNA ends that were
incorrectly joined within a single chromosome (intrachromoso-
mal misrejoining, dashed line) or between different chromosomes
(interchromosomal misrejoining, solid line). As expected, the prob-
ability of joining is high for ends originally in proximity and rapidly
decreases with increasing distance. For both intra- and interchro-
mosomal misrejoining, the decrease is approximately exponential,
as seen from the almost linear behaviour in the logarithmic plot.
For intrachromosomal misrejoining, 50% of these events happen
within the distance of 80 nm,  and 90% within 410 nm.  For inter-
chromosomal events, the median misrejoining distance is 280 nm,
and the 90% percentile corresponds to 830 nm.  For rings (these are
not included in the intrachromosomal misrejoining above), the 50%
and 90% percentiles are 15 and 150 nm,  respectively (results not
shown). However, the ring formation is likely overestimated, as the

present simulations assume that even the ends of rather short frag-
ments are freely diffusive so that they may  come close together and
form small rings, which neglects the rigidity of the DNA molecule
and chromatin fibres. Also note that the difference between



W.  Friedland, P. Kundrát / Mutation Research 756 (2013) 213– 223 219

Fig. 6. Distribution of original distances between DNA ends that have participated
in  incorrect joining within a chromosome (intrachromosomal misrejoining, dashed
line) and between different chromosomes (interchromosomal misrejoining, solid
line). Calculated results for 2.4 Gy �-particle irradiation, normalized to the overall
percentage  of DNA ends participating in these misrejoining events as shown in Fig. 5.

Fig. 7. Apparent sub-diffusive motion of DNA ends and chromatin. The calculated
mean  squared displacement 〈d2〉 in 2D projection along the z-axis according to either
the distances between pairs of DNA ends (crosses) or the positions of individual
DNA  ends (dashed line) induced by 2.4 Gy �-particle irradiation are compared with
relative motion of telomere pairs [54]. The reported mean values and error bars from
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Fig. 8. Dose-dependent yields of chromosomal aberrations. (A) Calculated yields
of acentrics and monocentrics (chromosome exchange aberrations without cen-
tromere and with a single centromere) after 137Cs �-ray (dotted lines) and 3.5 MeV
�-particle  irradiation (solid lines). (B) Calculated yields of dicentrics (chromosome
exchange  aberrations with two centromeres, open symbols) compared to experi-
mental results by Cornforth et al. [38] (filled symbols) due to 137Cs �-ray (squares)
and  3.5 MeV  �-particle irradiation (circles). Dotted lines give calculated results mul-
n ensemble of 20–40 telomere trajectories measured by fluorescence microscopy in
2OS osteosarcoma cells [54] are marked by the solid and dotted lines, respectively,
apturing  their temporal development.

ntra- and interchromosome misrejoining distributions could be
raced to the fact that for a given DNA end, other ends induced
ithin the same chromosome are on average closer than DNA ends

ormed on other chromosomes.
The  mean squared displacement of DNA ends, plotted in Fig. 7

ver an interval of more than 3 h post irradiation, reaches about
.3 �m2. Fig. 7 also shows that the mean squared displacement
and hence also the apparent diffusion coefficient) predicted by
he present simulations reasonably agree with the data on telom-
re mobility [54] which is in turn comparable with the mobility of
ndamaged as well as damaged chromatin regions [32,54].

.3.  Dose-dependent yields of chromosome aberrations

The simulated dose-dependent yields of different types of
A after �-ray and �-particle irradiation are presented in Fig. 8.
n Panel A, the predicted yields of joined DNA fragments from
ifferent chromosomes including one centromere (monocentrics)
nd no centromere (acentrics) are shown as a function of dose
or �-rays and �-particles. The dose-dependence is almost linear
tiplied by 0.2 for �- and 0.5 for �-particle irradiation. Lines connecting the calculated
or  measured data points are drawn to guide the eyes only.

for �-particles and linear-quadratic for �-rays. For both radiation
types, monocentrics turned out to be more frequent than acentrics.
In Fig. 8B, the dose-dependent simulation results are presented
and compared to experimental data by Cornforth et al. [38]. The
PARTRAC predictions exceed the measured data by factors of about
5 for �-rays and about 2 for �-particles, almost independent of
dose. This means that although overestimating the absolute yields
of dicentrics, the simulations do reproduce the relative dependence
on dose. Graphically, this is expressed by almost parallel curves
in the log-log scale. Indeed, multiplying the simulated results by
ad-hoc factors of 0.2 for �-rays and 0.5 for �-particles (dotted lines
in Fig. 8B) would bring the scaled results into agreement with the
data. Similar adjustments to a single data point are often made
in CA models that contain fit parameters such as misrejoining
probabilities, cf. [25]. Since the present simulation is free of
parameter adjustment due to its ‘ab initio’ character we  address
later issues that may have caused this systematic overestimation
of the dicentrics data by the simulations (see Discussion). Note
that a part of this discrepancy may  be explained by the difference
in scoring: In the simulations, dicentrics are formed by joining of

two chromosome fragments that both carry a centromere (centric
fragments), with or without additional acentric fragments (i.e.
fragments from single chromosomes without centromeres). In the
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Fig. 9. Calculated cumulative size distribution of rings and chromosomal exchange
aberrations.  (A) Size distributions of rings (dash-dotted line), acentrics (dotted line),
monocentrics (dashed line) and dicentrics (solid line) in the megabasepair range
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Fig. 10. Calculated cumulative size distribution of fragments in chromosomal
ue to 3.5 MeV  �-particle irradiation with 2.4 Gy. (B) Size distributions of rings over
he whole size range due to 137Cs �-ray irradiation with 1.97 Gy (dashed line) and
.5  MeV  �-particle irradiation with 2.4 Gy (solid line).

xperiments, however, dicentrics were scored only when chromo-
omes with two centromeres were found associated to an acentric
ragment [38]. Rarely, joining of three or more centric fragments

ay occur; these events are not included among dicentrics here.

.4.  Size distributions of joined fragments and aberrant
hromosomes

The present NHEJ and CA simulations naturally provide also
he information on size distributions of fragments joined and the
nal products of joining. In Fig. 9A, simulated cumulative distribu-
ions of the sizes of dicentrics, monocentrics, acentrics and rings
fter 2.4 Gy �-particle irradiation are presented. The distribution
or rings is also presented in Fig. 9B on an extended logarithmic
ength scale including the result after 1.97 Gy �-ray irradiation. The
ing size distributions for these two irradiations are very similar,
ith the majority of simulated rings quite short, <10 kbp, and only

bout 5% rings longer than 10–20 Mbp; note however that rings
re formed by less than 3% of DNA ends induced by �-radiation but
y more than 20% of �-particle-induced ends (Fig. 5). Acentrics,
onocentrics and especially dicentrics are significantly longer; the

redicted median sizes for 2.4 Gy �-particle irradiation correspond

o about 45, 120 and 190 Mbp, respectively (Fig. 9A).

Fig.  10 shows, for �-particle irradiation with 2.4 Gy, the pre-
icted size distribution of centric fragments in dicentrics (solid

ine). For comparison, the size distribution of acentric fragments
exchange  aberrations. Acentric chromosomal fragments in monocentrics (dotted
line) and centric chromosomal fragments in dicentrics (solid line) due to 3.5 MeV
�-particle irradiation with 2.4 Gy.

in monocentrics also is shown (dotted line). Centric fragments in
monocentrics possess practically the same size distribution as the
acentric ones (not shown). Note the large size differences among
fragments in different types of CA. For instance, about 50% of acen-
tric fragments in monocentrics but only 2% of centric fragments in
dicentrics are shorter than 10 Mbp. These results show that having
included in the simulations also short fragments not detectable in
the experiments has not affected the simulated dicentrics yields, as
only very few centric fragments are predicted below the detection
limit for Giemsa staining, estimated as 15 Mbp  [7].

4.  Discussion

The PARTRAC biophysical family of codes and its CA module
represent to our knowledge the first detailed mechanistic, bottom-
up approach to CA modelling that accounts for full radiation track
structure, multiple levels of DNA and chromatin organization in
cell nucleus, and the temporal and spatial dynamics of DSB repair.
The PARTRAC track structure module follows in an event-by-event
manner all individual interactions of the primary particle as well
as all secondary particles and their interactions. Most CA modelling
approaches focus on low-LET radiation [15–17,23,24] or use a sim-
plified description of amorphous tracks (radial dose distributions)
only [8,25]. Accounting for full track structures and for spatially
correlated energy deposition events is necessary not only for sim-
ulating the damage complexity, but also for assessing the yields of
very short DNA fragments that either remain unrejoined or lead to
small rings. Such short fragments have been predicted by PARTRAC
[59] and recently considered also by Ponomarev et al. [25].

The  DNA and chromatin structure modules of PARTRAC repre-
sent atomic DNA and chromatin fibre as well as its higher order
structures with loops, chromatin domains, hetero- and euchro-
matic regions and chromosome territories. Some other CA models
have used similar random-walk structures. However, they have not
traced the full atomic structure of the DNA and histones, but used
significantly larger objects as their basic building blocks, namely
2 kbp blocks [25], 200 nm cubes [8], or 1 Mbp  (∼500 nm) chromatin
domains [23,24].

The  DNA damage module in PARTRAC explicitly takes into
account radiation damage through both direct and indirect mech-
anisms, i.e. via direct energy deposition to the DNA and via attacks

of reactive species produced in water radiolysis. DSB are scored as
a result of stochastic clustering of these energy deposits or radical
attacks. A similar approach has been used in the CA simulations
by Holley et al. [22]. The other existing CA models have taken DSB
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s their starting point, and distributed them randomly (yet consid-
ring amorphous track structure for high-LET radiation) over the
implified DNA structure models.

The DSB repair module in PARTRAC uses a fully kinetic model.
he attachment, action and detachment of core repair proteins of
he NHEJ pathway are traced, as well as the spatial movement of the
NA ends. The parameters for this model have been derived from
nzyme attachment, DSB repair kinetics, and chromatin dynamics
ata. Assessment of CA yields and kinetics comes as a by-product of
SB repair simulations, in the sense that not a single parameter has
een adjusted to the analyzed CA data. Contrary to this approach,
he previous CA models consider only the outcome of the repair
rocess, without representing its kinetics. Movement of DNA ends

s not followed in such models, and ad hoc assumptions have to be
ade on which ends may  join at all and how likely misrejoining

s as compared to proper joining: Chromosome ends within 1 �m
istance are assumed equally likely to join in the CA model by Bal-

arini et al. [7,8,20,21], and a Gaussian distance dependence with
ean range of joining of 0.9 �m is assumed by Ponomarev et al.

25]. The present simulations provide methods that may  guide the
hoice of distance-dependent misrejoining probability, and indi-
ate that such long-range interactions between chromosome ends
re quite rare (Fig. 6).

Taken  together, the PARTRAC family provides a unique mod-
lling framework for track structure, DNA damage, repair and CA
inetics. This systems approach integrates the results of a num-
er of theories and models of processes underlying the biological
ffects of radiation, among them radiation interaction with matter
cross sections), radiation chemistry (formation of reactive species,
heir diffusion and mutual reactions), DNA damage (by both direct
nergy deposits and radical attacks), and the repair of DSB via NHEJ.
ndividual steps have been thoroughly benchmarked against cor-
esponding experimental data, as reviewed in [37].

The  detailed mechanistic nature of the PARTRAC suite implies,
owever, that the models employ a relatively high number of
arameters, which should be known for each cell line and condi-
ions to be simulated. Variations among cell lines in their repair
apacities, for instance, are likely responsible for their different
adiation sensitivities in terms of cell killing. In the present work,
e have used the simplifying assumption that the NHEJ repair in

he AG1522 primary human skin fibroblasts under the experimen-
al conditions used by Cornforth et al. [38] corresponds to that
f the GM5758 fibroblast cells as determined in the experiments
nd protocols by Stenerlöw et al. [49], from which the parameters
f the NHEJ repair module have been derived [35]. This assump-
ion likely represents an oversimplification, but has been used
ecause detailed information on the repair kinetics of the AG1522
broblasts under the given conditions was not available. Computa-
ional expensiveness represents an issue related to the mechanistic
ature of the model and the involvement of many processes and
arameters. Thanks to the modular structure of PARTRAC, the sim-
lations of CA kinetics do not start from scratch but use previous
imulations of radiation tracks, DNA and chromatin structure, and
NA damage. Yet, simulating DSB rejoining and CA production over
n experimental interval of 1 day, for instance, takes several hours
f computation time on a high-end linux PC. Largely due to com-
utational expensiveness issues, the simulations presented in this
ork have been performed with a single nuclear architecture only,

lthough alternative configurations of DNA and chromosomes in
he nucleus have been generated and are available. In particular,
n analysis of CA involving given specific pairs of chromosomes
e.g. chromosome number 4 and 18) has to take into account the

ariation in chromosome structures among individual cells within

 culture, as done by Kreth et al. [23].
The inclusion of heterochromatic and euchromatic regions

n the DNA model is the first step towards a comprehensive
Research 756 (2013) 213– 223 221

consideration of this aspect of the genome structure in the frame-
work of radiation-induced DNA damage and its processing. Further
steps shall include benchmarking of initial DNA  damage and
testing of mechanistic descriptions of the impact of hetero- and
euchromatic regions on the spatial and temporal dynamics of DNA
repair in view of recent experimental studies [60]. However, these
steps go far beyond the scope of the present work.

Some processes underlying the NHEJ repair and CA formation
have been approximated and/or are not fully known at present. This
concerns for instance the DSB ‘opening’ and chromatin remodelling
step, assumed to occur before the attachment of Ku70/80, where
experimental details and its likely dependence on the chromatin
structure (euchromatin vs. heterochromatin) are not known in suf-
ficient detail. The fast nature of this process, assumed in this work,
is however indicated by the fast recruitment of Ku70/80 reported
in enzyme attachment data [47,48].

The nuclear dynamics, a key component of CA kinetics, is in this
work accounted for in a simplified way only. The multi-scale model
of DNA and chromosome structure described in Section 2 is not
implemented in a dynamic but in a static way only. Simulating the
movement of DNA ends is not based on this detailed model, but
assumes a semi-free diffusion, i.e. free diffusion limited by nuclear
attachment sites, with significantly reduced diffusion for DNA
ends in synapsis. This concept effectively provides sub-diffusive
motion indicated in recent data on the mobility of undamaged and
damaged chromatin and telomeres [53–55]. Nevertheless, the dis-
crepancy between the simulations and experimental data on the
absolute yields of dicentrics may  point to having actually overes-
timated the break end mobility in the simulations. Sub-diffusive
mobility tends to penalize large-scale movements as compared
with free diffusion. An explicit assumption that DNA ends from DSB
move sub-diffusively, e.g. due to the dense nature of the chromatin
fibre network, would thus enhance proper rejoining (i.e. ligation of
original partners) and reduce misrejoining and CA yields, includ-
ing dicentrics. Furthermore, the two  DNA ends from a DSB may
be tethered by residual interactions with histones before these are
released in the chromatin remodelling step or by enzymes such
as the MRN  complex [1,61]. Such phenomena would help hold the
right partners together until a synaptic complex is made under the
action of Ku/DNA-PKcs. If (sub-)diffusion of DNA ends had to com-
pete with their tethering, the fraction of ends diffusing relatively
far away would be considerably reduced, and hence the yields of CA
and dicentrics decreased. The framework of the NHEJ and CA sim-
ulations in PARTRAC offers well-suited tools for detailed testing of
such hypotheses; nevertheless, such testing exceeds the scope of
the present paper.

Finally,  note that the present PARTRAC model of CA formation
in G0/G1 cell cycle phase attributes all CA to classical, DNA-PK-
dependent NHEJ, the major DSB repair pathway in this phase.
Alternative DNA-PK-independent pathways [1] have not been
modelled explicitly; they may  be considered as implicitly included
as far as the underlying kinetics and spatial aspects are similar to
the classical NHEJ. Naturally, the modelling presupposition that all
CA could be traced to NHEJ shall be refined to account for the role of
other repair pathways especially when extending the simulations
to CA in cells irradiated in G2/S phase [2].

5. Conclusion

An extension of the PARTRAC biophysical simulation tool to
account for the yields and kinetics of chromosome aberrations by

radiation has been presented. Although the predicted induction of
dicentrics after low dose �-ray and �-particle irradiation are in
absolute terms 2- to 5-fold higher than the measured ones, the
shape of the dose-dependence agrees with the experimental results
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or both radiation qualities. Simplifications in the model have been
iscussed that may  contribute to this overestimation. In spite of
hese simplifying assumptions, the PARTRAC suite with the present

odel of CA induction during the course of NHEJ repair provides a
uitable framework for a mechanistic representation of basic pro-
esses in cell nuclei in response to radiation insult and for testing
pecific quantitative hypotheses on the underlying processes. The
resent work significantly contributes to extending the applica-
ility of PARTRAC simulations and their predictive power towards

ate radiation-induced endpoints. Further work in this direction
hall address radiation-induced cell inactivation (cell killing), thus
overing a key endpoint relevant to both radiation therapy and
adiation risk assessment.

onflict  of interest

The  authors declare that there is no conflict of interest.

cknowledgement

This work has partially been supported by the German Federal
inistry for the Environment, Nature Conservation and Nuclear

afety (Funding Ref. No. SR/StSch/INT 3610S30015).

eferences

[1] L.H. Thompson, Recognition, signaling, and repair of DNA double-strand breaks
produced by ionizing radiation in mammalian cells: the molecular choreogra-
phy, Mutat. Res. 751 (2012) 158–246.

[2]  H. Nagasawa, J.R. Brogan, Y. Peng, J.B. Little, J.S. Bedford, Some unsolved prob-
lems and unresolved issues in radiation cytogenetics: a review and new data on
roles of homologous recombination and non-homologous end joining, Mutat.
Res. 701 (2010) 12–22.

[3] M.  Hada, H. Wu,  F.A. Cucinotta, mBAND analysis for high- and low-LET
radiation-induced chromosome aberrations: a review, Mutat. Res. 711 (2011)
187–192.

[4]  G.I. Terzoudi, V.I. Hatzi, C. Donta-Bakoyianni, G.E. Pantelias, Chromatin dynam-
ics during cell cycle mediate conversion of DNA damage into chromatid breaks
and affect formation of chromosomal aberrations: biological and clinical sig-
nificance, Mutat. Res. 711 (2011) 174–186.

[5]  M.N. Cornforth, J.S. Bedford, A quantitative comparison of potentially lethal
damage repair and the rejoining of interphase chromosome breaks in low
passage normal human fibroblasts, Radiat. Res. 111 (1987) 385–405.

[6] R.K. Sachs, P. Hahnfeld, D.J. Brenner, The link between low-LET dose-response
relations and the underlying kinetics of damage production/repair/misrepair,
Int.  J. Radiat. Biol. 72 (1997) 351–374.

[7]  F. Ballarini, M.  Merzagora, F. Monforti, M.  Durante, G. Gialanella, G.F. Grossi, M.
Pugliese, A. Ottolenghi, Chromosome aberrations induced by light ions: Monte
Carlo simulations based on a mechanistic model, Int. J. Radiat. Biol. 75 (1999)
35–46.

[8]  F. Ballarini, From DNA radiation damage to cell death: theoretical approaches,
J. Nucleic Acids (2010) 350608, http://dx.doi.org/10.4061/2010/350608.

[9]  E.J. Hall, A.J. Giaccia, Radiobiology for the Radiologist, seventh ed., Lippincott
Williams & Wilkins, Philadelphia, 2012.

10]  K.K. Khanna, S.P. Jackson, DNA double-strand breaks: signaling, repair and the
cancer connection, Nat. Genet. 27 (2001) 247–254.

11]  T.R. Kasparek, T.C. Humphrey, DNA double-strand break repair pathways, chro-
mosomal rearrangements and cancer, Semin. Cell Dev. Biol. 22 (2011) 886–897.

12]  L. Hlatky, R.K. Sachs, M.  Vazquez, M.N. Cornforth, Radiation-induced chromo-
some aberrations: insights gained from biophysical modelling, Bioessays 24
(2002) 714–723.

13] M.S. Sasaki, Advances in the biophysical and molecular bases of radiation cyto-
genetics, Int. J. Radiat. Biol. 85 (2009) 26–47.

14]  A.T. Natarajan, Chromosome aberrations: past, present and future, Mutat. Res.
504 (2002) 3–16.

15] A.A. Edwards, V.V. Moiseenko, H. Nikjoo, Modelling of DNA breaks and the
formation of chromosome aberrations, Int. J. Radiat. Biol. 66 (1994) 633–637.

16]  V.V. Moiseenko, A.A. Edwards, H. Nikjoo, Modelling the kinetics of chromo-
some exchange formation in human cells exposed to ionising radiation, Radiat.
Environ. Biophys. 35 (1996) 31–35.

17] R.K. Sachs, D.J. Brenner, A.M. Chen, P. Hahnfeldt, L.R. Hlatky, Intra-arm and inter-
arm chromosome intrachanges: tools for probing the geometry and dynamics

of chromatin, Radiat. Res. 148 (1997) 330–340.

18]  R.K. Sachs, D. Levy, A.M. Chen, P.J. Simpson, M.N. Cornforth, E.A. Ingerman,
P. Hahnfeldt, L.R. Hlatky, Random breakage and reunion chromosome aber-
ration formation model; an interaction-distance version based on chromatin
geometry, Int. J. Radiat. Biol. 76 (2000) 1579–1588.

[

[

Research 756 (2013) 213– 223

19] F.A. Cucinotta, H. Nikjoo, P. O’Neill, D.T. Goodhead, Kinetics of DSB rejoining
and formation of simple chromosome exchange aberrations, Int. J. Radiat. Biol.
76 (2000) 1463–1474.

20] F. Ballarini, A. Ottolenghi, Models of chromosome aberration induction: an
example based on radiation track structure, Cytogenet. Genome Res. 104 (2004)
149–156.

21] F. Ballarini, A. Ottolenghi, A model of chromosome aberration induction: appli-
cations to space research, Radiat. Res. 164 (2005) 567–570.

22] W.R. Holley, I.S. Mian, S.J. Park, B. Rydberg, A. Chatterjee, A model for interphase
chromosomes and evaluation of radiation-induced aberrations, Radiat. Res. 158
(2002) 568–580.

23] G. Kreth, S.K. Pazhanisamy, M.  Hausmann, C. Cremer, Cell type-specific quanti-
tative predictions of radiation-induced chromosome aberrations: a computer
model approach, Radiat. Res. 167 (2007) 515–525.

24]  Y.A. Eidelman, S.V. Slanina, I.V. Salnikov, S.G. Andreev, Mechanistic modelling
allows to assess pathways of DNA lesion interactions underlying chromosome
aberration formation, Russ. J. Genet. 48 (2012) 1247–1256.

25] A.L. Ponomarev, K. George, F.A. Cucinotta, Computational model of chromo-
some aberration yield induced by high- and low-LET radiation exposures,
Radiat. Res. 177 (2012) 727–737.

26] P. Pfeiffer, W.  Goedecke, S. Kuhfittig-Kulle, G. Obe, Pathways of DNA double-
strand break repair and their impact on the prevention and formation of
chromosomal aberrations, Cytogenet. Genome Res. 104 (2004) 7–13.

27] F.A. Cucinotta, J.M. Pluth, J.A. Anderson, J.V. Harper, P. O’Neill, Biochemical
kinetics model of DSB repair and induction of gamma-H2AX foci by non-
homologous end joining, Radiat. Res. 169 (2008) 214–222.

28] Y. Li, H. Qian, Y. Wang, F.A. Cucinotta, A stochastic model of DNA  frag-
ments rejoining, PLoS ONE 7 (2012) e44293, http://dx.doi.org/10.1371/
journal.pone.0044293.

29]  R. Taleei, H. Nikjoo, Repair of the double-strand breaks induced by low
energy electrons: a modelling approach, Int. J. Radiat. Biol. 88 (2012)
948–953.

30] D. Dolan, G. Nelson, A. Zupanic, G. Smith, D. Shanley, Systems mod-
elling of NHEJ reveals the importance of redox regulation of Ku70/80
in the dynamics of DNA damage foci, PLoS ONE 8 (2013) e55190,
http://dx.doi.org/10.1371/journal.pone.0055190.

31] L. Shi, P. Oberdoerffer, Chromatin dynamics in DNA double-strand break repair,
Biochim. Biophys. Acta 1819 (2012) 811–819.

32]  M.J. Kruhlak, A. Celeste, G. Dellaire, O. Fernandez-Capetillo, W.G. Müller, J.G.
McNally, D.P. Bazett-Jones, A. Nussenzweig, Changes in chromatin structure
and mobility in living cells at sites of DNA double-strand breaks, J. Cell Biol.
172 (2006) 823–834.
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